A 3-week coliphage survey was conducted in stool samples from 140 Bangladeshi children hospitalized with severe diarrhea. On the Escherichia coli indicator strain K803, all but one phage isolate had 170-kb genomes and the morphology of T4 phage. In spot tests, the individual T4-like phages infected up to 27 out of 40 diarrhea-associated E. coli, representing 22 O serotypes and various virulence factors; only five of them were not infected by any of these new phages. A combination of diagnostic PCR based on g32 (DNA binding) and g23 (major capsid protein) and Southern hybridization revealed that half were T-even phages sensu strictu, while the other half were pseudo-T-even or even more distantly related T4-like phages that failed to crosshybridize with T4 or between each other. Nineteen percent of the acute stool samples yielded T4-like phages, and the prevalence was lower in convalescent stool samples. T4-like phages were also isolated from environmental and sewage water, but with low frequency and low titers. On the enteropathogenic E. coli strain O127:K63, 14% of the patients yielded phage, all of which were members of the phage family Siphoviridae with 50-kb genomes, showing the morphology of Jersey-and beta-4 like phages and narrow lytic patterns on E. coli O serotypes. Three siphovirus types could be differentiated by lack of cross-hybridization. Only a few stool samples were positive on both indicator strains. Phages with closely related restriction patterns and, in the case of T4-like phages, identical g23 gene sequences were isolated from different patients, suggesting epidemiological links between the patients.
Diarrhea continues to be one of the most common causes of morbidity and mortality among infants in developing countries (36) . Many etiological agents have been implicated, but Escherichia coli has been consistently identified as the first or, after rotavirus, second most frequent cause of childhood diarrhea. For example, in the world's largest diarrhea clinic in Dhaka, Bangladesh, E. coli accounted for 29% of the pediatric diarrhea cases (3, 7) . Among the E. coli strains, the major pathotypes were enteropathogenic (EPEC) and enterotoxigenic (ETEC) E. coli (4, 21) . Treatment of E. coli diarrhea with oral rehydration solution has substantially reduced mortality from dehydration but has little or no effect on the pathogen itself (6) . Antibiotics and antibodies are of limited use (12) , and an E. coli diarrhea vaccine is still in the development phase (34) .
Nearly 100 years ago, Félix d'Hérelle, the codiscoverer of bacterial viruses (bacteriophages), proposed phages for the treatment of bacterial diseases (17) . In fact, the World Health Organization in the 1940s conducted a large field study with phages against cholera in rural India, and empirical phage therapy is still used against Shigella infections in Eastern Europe (37) . Phages against E. coli diarrhea were explored in western veterinary applications (5, 35) , but not yet in human medicine. One reason is the limited knowledge on phage-host interaction in the intestine (15) . Even the most basic data on the genetic diversity of E. coli phages in the stool of diarrhea patients are lacking (19, 20) . This lack of data is surprising because E. coli phages lambda and T4 are among the bestcharacterized biological systems (24) . Furthermore, T4-like phages have often been isolated from human stools (25) . Data on the genetic diversity of coliphages isolated from pediatric diarrhea patients are thus not only interesting for their potential medical use, but will also add to our understanding of the natural diversity of phages in the environment. Such data are especially interesting in the context of a phage-bacterium pair that has been intensively investigated under laboratory conditions (13) . The current study reports on the isolation and basic genetic characterization of T4-like phages from pediatric diarrhea patients in Bangladesh.
MATERIALS AND METHODS
Phages. The stool samples (10 g) were homogenized in TS (8.5 g of NaCl and 1 g tryptone per liter) to a final volume of 30 ml. Stool and water samples were centrifuged for 15 min at 14.500 ϫ g and filtered through a Millex AP20 prefilter followed by a 0.45-m Minisart filter. Subsequently, the samples were stored at 4°C. The phages were propagated and enumerated on indicator strains K803 and O127:K63 according to standard protocols (24) based on Hershey medium. The strains were designated JS (the initials of Josette Sidoti, who conducted the phage survey) followed by the patient number. In general, only a single phage plaque was amplified per patient unless the plaques differed clearly in appearance, in which case the isolates were differentiated by suffixes (e.g., JS114.1 to JS114.3). When the second isolate came from a different stool sample (from the convalescent phase), the code number was given a prime. The selection procedure thus targeted the isolation of distinct, independent phage types. Only in two test cases were several similar-appearing phage plaques deliberately propagated from the same stool sample (patients 110 and 122). For phages isolated from environmental water, the initials were followed by a D (Dhaka) or L (Lausanne).
Pulsed-field gel electrophoresis. Blocks of 1% agarose containing 10 6 PFU of the indicated phage were incubated overnight in lysis buffer (0.05 M EDTA, 10 mM Tris, pH 8.0, 1% sodium dodecyl sulfate, and 50 g of proteinase K per ml) and washed three times for 1 h in 10 ml of TE (10 mM Tris, pH 8.0, 1 mM EDTA). The blocks were then analyzed by electrophoresis in 1% agarose (0.5% TBE; 45 mM Tris-borate, 1 mM EDTA) for 20 h at 6 V/cm and 14°C with a pulse time of 1 to 20 s in a CHEF-DRII apparatus from Bio-Rad. The gel was stained for 30 min with ethidium bromide (0.5 g/ml).
Electron microscopy. Negative staining of phages was done with a mixture of solutions A and B (A: 2% ammonium molybdate at pH 7.0 or 2% phosphotungstic acid; B: 11% Bacitracine in distilled water) or a solution of 3% uranyl acetate. The Formvar-coated carbon grids were examined in a Philips CM12 transmission electron microscope at 80 kV. The dimensions of the phages were calibrated with T4 phage particles (24) .
Southern blot. PacI-digested phage DNA was separated on 0.8% (wt/vol) agarose gels. Transfer to Zeta-probe membrane was done according to the Bio-Rad protocol. Probes were labeled with ␣-32 P with the random-primed DNA labeling system (Boehringer Mannheim) and purified with Nuc Trap probe purification columns (Stratagene). Prehybridization and hybridization conditions were 6ϫ SSC (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate), 5 mM EDTA (pH 8), 0.1% SDS, and 25% skim milk, overnight at 68°C. The membranes were then rinsed with 2ϫ SSC and washed for 1 h at 65°C with 2x SSC and 0.1% SDS, then for 1 h in 0.5x SSC and 0.1% SDS, and finally for 15 min in 0.1x SSC and 0.1% SDS. The membranes were dried and then exposed to Biomax-MS autoradiography film (Kodak).
PCR and oligonucleotide primers. PCRs were performed in a final volume of 50 l with either 1 l of T4-type phage lysate (10 7 PFU/ml) heated at 95°C for 20 min or 1 l of phage DNA as a template. For the amplification of gene 32, we used the primers FR60 and FR61 described by Monod et al. (30) . The conditions involved in this PCR were 35 cycles consisting of a 30-s denaturation period at 96°C, 2 min of annealing at 54°C, and 5 min of polymerization at 72°C. For the amplification of gene 23, we used the primers Mzia1 and cap8, binding to sites located in the best-conserved region of this gene, and the reaction conditions as described (39) .
RESULTS AND DISCUSSION
Survey of coliphages in the stool samples of pediatric diarrhea patients. Stool samples were obtained during a 3-week survey in February 2000 from 157 randomly chosen Bangladeshi children hospitalized with acute gastroenteritis in the general ward of the International Centre for Diarrhoeal Disease Research, Bangladesh (ICDDR,B), diarrhea hospital in Dhaka. The age range (1 month to 4 years) and sex ratio (96 boys and 61 girls) of the patients corresponded to the usual epidemiological situation in this hospital (3) . Stool samples from 17 cholera and shigella patients were excluded from the survey to increase the fraction of patients infected with EPEC and ETEC. According to the experience in this hospital (3, 4, 7, 21) this preselection ensures that about every third patient was likely to be infected with these two pathogens. For logistic reasons, no systematic diagnosis of the infectious agents was conducted with the enrolled patients.
After exclusion of the cholera and shigella patients, the stool samples from the remaining 140 patients were screened for coliphages in a spot assay (Table 1) . We used the nonpathogenic laboratory E. coli K803, a derivative of K-12, as a primary indicator cell. K803 lacks any restriction-modification system, only has the core parts of the lipopolysaccharide, lacks O antigens, and is able to plate most coliphages isolated to date, including virtually all of the known T4-like phages, many of which were isolated on pathogenic E. coli (Kutter laboratory, unpublished studies that include over 100 such phages). All positive samples in the spot tests were confirmed by plaque assay. Twenty-six of the 140 patients (19%) yielded stool samples that were positive for phage plaques on strain K803, but titers were generally low (range, 30 to 5 ϫ 10 4 PFU/g of stool). Ten patients showed phage titers exceeding 10 3 PFU/g of stool. On the enteropathogenic E. coli strain O127:K63, a common isolate from childhood diarrhea (33), 18 out of 129 patients (14%, 11 samples were exhausted) showed stool specimens that tested positive for phage plaques. The titers on this strain (30 to 2 ϫ 10 4 PFU/g of stool) were comparable to those on the laboratory E. coli strain. However, most patients yielded either phages on K803 (n ϭ 22) or on the O127 strain (n ϭ 14). Only four patients yielded phages both on O127 and on K803. This observation is not too surprising because T4, for example, infected K803 but not O127. When the results from both indicator strains were combined, 29% of the patients yielded coliphages. This percentage is close to the expected percentage of EPEC/ETEC infections in pediatric diarrhea patients in Dhaka. This suggests that the isolated phages were produced on the infecting E. coli strains and not on the gut E. coli commensal. We lack experimental evidence that proves this link, but previous (15) and ongoing (A. Bruttin, unpublished results) experiments in healthy adult mice and humans indicate that the normal coliphage detection rate on the K803 indicator is well below 5%.
For 52 patients, an additional stool sample was obtained at release from the hospital. On K803, the phage detection rate was lower in the stool sample from the convalescent than from the acute phase of the diarrhea episode (10 versus 25% prevalence, no titer difference). This low number seems inconsistent with coliphages being responsible for ending the suspected E. coli diarrhea episode; however, since the fecal coliphages were not titered on the specific infecting E. coli strains, there are other possible explanations for the results.
We identified in the literature only a single stool survey of phages in diarrhea patients (19) . This study was conducted with adult patients suffering from traveler's diarrhea and showed substantially higher phage prevalence and phage titers in the stool than our survey. Their use of 10 indicator strains instead of two as in our study probably explains much of the difference.
Survey of coliphages in environmental water samples. To complement the stool survey, a total of 104 environmental water samples were collected from the neighborhood of the patients. The samples included drinking (n ϭ 10), well (n ϭ 10), drain (n ϭ 10), refuse (n ϭ 10), canal (n ϭ 11), pond (n ϭ 7), sewage (n ϭ 10), market (n ϭ 10), street (n ϭ 5), river (n ϭ 6), and ditch (n ϭ 5) water. Despite an expected high fecal pollution of environmental water in Dhaka (because people defecate in trenches along the streets), only a low level of coliphages was detected in the environmental water samples investigated. On the K803 indicator strain, only 4% gave a positive spot test (three drain, one ditch, and one sewage sample). Enrichment techniques did not increase the detection rate substantially; only one further phage was isolated. The detection rate was no higher than in a country with a high hygiene standard; in Lausanne, Switzerland, two out of four sewage samples yielded phages at low titers. This observation probably reflects the limited survival capacity of E. coli outside of the intestine (40) and the relatively rapid decay of phages in aqueous environments (41, 42) . One might therefore question whether phages isolated from the patients were transmitted via contaminated environmental water.
Isolation of coliphages. We treated multiple phage isolates from the same patient as epidemiologically linked samples even when they were derived from different stool samples (acute and convalescent) or when isolated on different indicators, giving 40 independent phage isolates: 22 from patients positive only on K803, 14 only on O127, and the four that were positive on K803 and O127. However, while all 22 K803 phage plaques could be amplified, only 8 of the 14 O127 phage plaques resulted in an amplifiable phage isolate after two isolation attempts. We were only able to isolate phage from two out of the four patients yielding plaques on both indicator strains. In both patients (114 and 76), the phages isolated on the two different indicator strains differed clearly in genome size (50 versus 170 kb; see below), increasing the number of independent phage isolates to 34 (22 ϩ 8 ϩ 2 ϫ 2).
With the exception of patient 122, stool samples plated on K803 showed clear plaques and the isolated phages showed a 170-kb DNA genome size in pulsed-field gel analysis (see Fig.  1B, lanes a to d, for examples) . From six patients (65, 94, 102, 110, 140, and 146), we isolated two or three phages from plaques that clearly differed in size. Since these isolates also showed distinct PCR reactivity with T4-specific primers (data not shown), it seems that a few patients harbored more than one T4-type phage in the same stool sample. In a control experiment, identical-looking plaques from the same stool sample were isolated for two patients. The phages isolated showed an identical restriction pattern (e.g., isolates JS110.1 and JS110.2; data not shown) and identical PCR reactivity (see Fig. 4C ).
Patient 122 yielded turbid plaques on the K803 lawn of two sizes. Phages from both plaque sizes showed 50-kb genomes (Fig. 1B, lane i) and comparable morphology (data not shown). These phages did not cross-hybridize with phage lambda DNA.
In contrast, all phages isolated on O127:K63 showed 50-kblong genomes (Fig. 1B, lanes f to h) . They all made clear plaques, suggesting virulent phages, whereas half of the stool phage isolates from the patients with traveler's diarrhea were reported to be temperate phages (19) . The lack of isolation of lambdoid coliphages in our study was not due to immunity functions in the indicator cell, since we used a K803 derivative that lacks the lambda prophage and that plates such phages well. This difference could therefore reflect biological differences between adult and childhood diarrhea, but the significance of this finding should not be overinterpreted because each study only gives a snapshot of the phages that are circulating in a given environment at the moment of sampling that plate on the specific hosts used. It is also likely that specific phage titers ebb and flow in an ecosystem. Electron microscopy. Electron microscopy showed that the phages with 170-kb genomes were Myoviridae (phages with long contractile tails) closely resembling coliphage T4 (Fig. 1A) . All phages with a 50-kb genome were Siphoviridae (phages with long, noncontractile tails). Eight Siphoviridae isolates resembled the virulent Salmonella enterica serovar Typhimurium phages Jersey (1) and MB78 (23) (Fig. 1Ca) . The characteristic trait is a fork-like baseplate that resolves in frontal view into six structures surrounding the tail's end (Fig. 1Cb) . No such phage has previously been reported for E. coli (H. Ackermann, personal communication), demonstrating that even in intensively investigated research areas like coliphages, a moderately large ecological survey can still lead to "new" phage types. JS61.2 resembled coliphages from the beta-4 group, for which the extremely flexible tail is diagnostic (2) (Fig. 1Cc) . The only phage forming turbid plaques (JS122) has a 61-nm head and a 128-nm twisted tail (Fig. 1Cd) .
Host range. Selected stool phage isolates were tested in the spot test for their host ranges on 40 diarrhea-causing E. coli strains, including 12 enteropathogenic E. coli (EPEC) strains representing the major serotypes isolated worldwide from pediatric diarrhea patients (33) . This set of strains covered 10 different somatic O antigens and 10 different capsular K antigens (Table 1 ). In addition, the test collection contained 12 major enterotoxigenic E. coli (ETEC) serotypes isolated from either pediatric gastroenteritis patients or adults suffering from traveler's diarrhea ( Table 1 ). The ETEC strains represented 11 further O antigens, 10 distinct H antigens, and various combinations of heat-stable (ST) and heat labile (LT) toxin producers (collected by B. Rowe, Central Public Health Laboratory, London, United Kingdom). Twelve further strains represent the predominant E. coli isolates from the Dhaka hospital, which were typed by DNA probes for the presence of heatlabile and heat-stable enterotoxins, colonization factor antigen, coli surface antigens, and the attaching-effacing genes according to published methods (18, 22) (Table 1) .
In the spot test, 50% of the strains were infected by more than 10 phage isolates, while only 12% were not infected by any of the isolated phages (Table 1) . Many but not all (e.g., JS150) of the T4-like Myoviridae infected numerous pathogenic E. coli strains. However, none of the isolated phages infected Salmonella enterica serovar Typhimurium or Enterobacter sakazaki strains. In contrast, the different fecal Siphoviridae infected very few pathogenic E. coli strains ( Table 1) .
The capacity of T4-like phages to infect E. coli strains covering a wide range of O serotypes is important for the prospect of phage therapy. Success with this approach hinges on the broad lytic capacity of obligate virulent phages because temperate phages are carriers of too many virulence factors (8) . This broad lytic activity of strains within a species might not be linked to the isolation history of the phages from diarrhea patients. It possibly reflects a generally broader host range of Myoviridae than of Siphoviridae, as was previously observed in Listeria monocytogenes (27) , Staphylococcus (31), Vibrio cholerae (28) , and cyanobacteria (38) .
Restriction analysis. Isolates of phages with 50-kb genomes derived from eight different patients (prototype JS77.1) on the indicator cell O127 showed identical restriction patterns (Fig.  2) . Given the host specificity of known O antigen-specific phages, it may not be surprising that many phages that infect one O serotype are closely related. These phages do not represent a prophage from O127 because the majority of the isolated plaques did not yield a phage isolate when their propagation was tried on O127. In addition, patient 61 yielded on O127 indicator a siphophage with a 50-kb genome, but it showed a clearly distinct EcoRV restriction pattern (data not shown). Also, the 50-kb siphophage isolated from the stool of patient 122 on the K803 indicator strain showed a distinct restriction pattern (data not shown). Southern blot hybridizations confirmed that isolates JS122.1, JS61.2, and JS77.1 belong to three different DNA homology groups (data not shown).
T4 contains glucosylated hydroxymethyl cytosine instead of cytosine (11) . This modification makes T4 DNA resistant to digestion with most restriction enzymes. Only a few enzymes are known to cut T4 DNA (EcoRV, NdeI, PacI, SwaI, SspI, SphI, and DraI) (26) (30). However, of nine T4-like phage isolates selected from different patients, none was digested by EcoRV, NdeI, SwaI, or SphI, and only two were digested by SspI, while all were at least partially cut by PacI (Fig. 3A) . The best DNA digestion of the T4-like phages was obtained with the restriction enzyme DraI (data not shown). With this enzyme, several T4-like phages isolated from different patients showed closely related if not identical restriction patterns (e.g., JS9, JS12, JS94, JS104, and JS110, data not shown). The repetitive isolation of Myoviridae and Siphoviridae with similar if not identical restriction patterns from different patients suggests a possible epidemiological link between the patients. One could imagine that phages "travel" together with the diarrheacausing E. coli strains by a person-to-person infection route via direct fecal-oral transmission. This process is not unlikely because the stomach acidity does not represent a substantial barrier for either phages or E. coli (15) .
Southern analysis. We probed the PacI-digested phage DNA on Southern blots with labeled T4 DNA. Some isolates showed extensive cross-hybridization with the T4 probe, while others showed less extensive cross-hybridization or lacked DNA homology with T4 at the high stringency hybridization conditions (Fig. 3B) . One of the phages that did not crosshybridize with T4 DNA was the sewage phage isolate JSL.5. The genetic distance between JSL.5 and T4 and the other phages was confirmed when the Southern blot was probed with JSL.5 DNA. Only weak or no cross-hybridization was observed with the majority of the phages, including phages JS1, JS4, and JSD.1 (Fig. 3C) which also failed to hybridize with T4 DNA. There apparently exists a substantial genetic diversity among T4-like phages isolated on E. coli, as already suggested by the sequencing data published for the T4-like E. coli phage RB49 (16); for further information on this subject, see the website http://phage.bioc.tulane.edu/ and the accompanying report (14) . PCR. Partial sequencing of T4-like phages identified graded genetic relatedness within T4-like phages and diagnostic PCR was developed from these sequence comparisons (32) . PCR results with a primer pair (FR60 and FR61) from the T4 gene 32 (single-stranded binding protein) sequence, found to be diagnostic for the T-even subgroup of the T4-type phages, are shown in Fig. 4A and B. Phages that cross-hybridized with T4 DNA on the blots gave a clear positive PCR result in this assay, while phage isolates that did not cross-hybridize with T4 gave no or weak PCR bands (see for example phage JS1 in Fig. 3B and Fig. 4A ). The phage isolates negative for a PCR product of gene 32 were then retested with a PCR based on a pair of primers (Mzia1 and cap8) in the T4 gene 23 (major head protein) sequence which allow the detection of the T-even, pseudo-T-even, and schizo-T-even subgroups of the T4-type phages (39) .
Only the sewage phage isolate JSL.3 and the stool phage isolate JS98 were negative for this gene 23-specific PCR with heat-treated phages (Fig. 4C) . When repeating the test with purified phage DNA as template, only JSL.3 was negative in the g23 PCR. Negative PCR results do not prove unequivocally that the PCR target is not present. On the other hand, a positive PCR result does show that the two phages are very likely related at the PCR target sequence. In both cases, it is advisable to confirm PCR results by Southern hybridization.
Overall, 12 of 31 (39%) T4-like stool phage isolates tested were classified by PCR into the T-even group sensu stricto (g23 and g32 PCR positive). The remaining Myoviridae represent more distantly related phages of the T4 phage group (g23-positive and g32-negative in PCR). The degree of genome diversification within the latter group of T4-like coliphages was investigated by an exploratory sequence analysis of the g23 PCR amplification products from fourteen g32 PCR-negative phages. The phages from eight different patients (JS4, JS9, The isolation of eight such apparently closely related phages from eight independent patients is at first glance surprising, because many authors have commented in the past on the apparent high diversity of phage types in the natural environment. However, in DraI digestion several of these independent phage isolates shared a related if not an identical restriction pattern. These two observations suggest that we are dealing here with a stool phage that was relatively prevalent in Dhaka at the time of the survey. In fact, at some point on the time and space scales that diversity must break down, that is, the diverse population must be made of a collection of clones of essentially identical phages. This prediction seems to fit the observations, but it should not be overinterpreted because the use of only two indicator strains might have narrowed the isolation of more diverse phages. In addition, further regions of these eight apparently closely related phages should be sequenced to settle whether sequence identity extends to other regions of their genomes as well.
To explore the genetic nature of this apparently prevalent Dhaka phage isolate, we chose phage JS98 for genome sequencing. As JS98 differs from the reference T4 phage by 19% at the nucleotide level in the highly conserved major head gene, we reasoned that its sequence will allow us insights into the tempo and mode of evolution in T4-like phages. On the other hand, JS98 is, in contrast to vibriophage KVP40, sufficiently close to T4 to reveal the mechanisms that shape the short-term evolution of T4-like genomes (28) . The accompanying report (14) describes the JS98-T4 genome comparison.
The g23 PCR product of four T4-like phage isolates from environmental water in Dhaka were sequenced. Isolates JSD.2 and JSD.5 were PCR g32 ϩ /g23 ϩ and therefore as expected shared higher identity with the major head gene from T4 (94 to 96% nucleotide identity) than JS98 (accession numbers AY744075 and AY744076). Two other isolates, JSD.1 and JSD.3, were PCR g32/g23 ϩ . They closely resembled the g23 sequence from JS98; JSD.1 matched JS98 at 95% of nucleotides, while JSD.3 differed from the JS98 reference sequence at only 2 out of 730 sequenced bp of g23 (accession numbers AY744077 and AY744078). The most distant T4-like phages were two isolates from sewage water in Lausanne. Phage JSL.5 still yielded a g23 PCR product; it was as distant from T4 as from JS98 and differed from either phage T4 or JS98 at 138 of the 730 sequenced bp of g23 (Ͼ19% difference) (accession number AY744079). JSL.3 in contrast failed to amplify either PCR product.
Outlook. For several reasons, T4-like E. coli phages are interesting candidates for phage therapy. They can be easily isolated from stool or sewage samples. Contrary to Siphoviridae isolated from the same source material, T4-like phages tend to infect many different serotypes of pathogenic E. coli even when propagated on a nonpathogenic E. coli strain like the K-12 derivative K803. This observation is a definitive asset for the safe production of phages for therapeutic purposes. In marked contrast to temperate E. coli phages (8-10), T4 phages have not been reported to encode any virulence genes important for bacterial pathogenicity (29) , a crucial aspect for the safe use of phages. In addition, the T4-like phages described in the current report survived unprotected gastrointestinal passage in mice (15) . Oral phages did not eliminate the endogenous E. coli gut flora, while an invading oral E. coli strain was controlled by T4-like phages in situ (15) . Finally, a small phase I clinical trial demonstrated efficient gut passage and no adverse effects of oral T4 phage exposure in healthy adult human volunteers (Bruttin et al., unpublished data). After further safety studies in healthy and then diarrhea-stricken children, the stage is set to explore the potential of T4-based phage therapy in carefully controlled phase II clinical trials.
